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THEORETICAL MODELS FOR INTERACTION
OF ELECTROMAGNETIC FIELDS WITH
BIOLOGICAL TISSUES

INTRODUCTION AND OVERVIEW

Radiofrequency radiation can interact with biological tissues and membranes in
many ways. In this study, a continuum approach to modelling transductive cou-
pling in membranes and extracellular matrix was taken. The mechanism modelled
was the mediation of transmembrane transport properties via electrodiffusion and
electromechanical coupling.

Possible sites for such coupling include nerve cell and other cell membranes and
their surrounding volumes, and larger membrane structures, such as extracellular
matrix and epithelial membranes (1,2]. The effects on nerve cells and the surrounding
regions could include changes in nerve impulse generation and transmission rates. In
general, cell membrane permeability to selected solutes could be changed, leading
to changes in metabolic and/or enzymatic rates and products, as well as changes in
the intracell ionic environment. Epithelial membrane permeability may be changed
through changes in one or more of the basolateral and apical membrane, or the
junctions.

The prototypical configuration shown in Figure 1 is used to gain insight into
membrane response to applied electric fields. A membrane separates two baths of
differing salt concentration and pH. The membrane matrix itself has charged sites
attached to it, some of which may be ionized, and some of which are not. Here
the fixed charge is represented by carboxylic acid groups. The membrane has a
proportion of solid content and fluid content, which ¢can change as the fixed charge
and/or the local ionic environment changes. The proportion of liquid volume to solid
volume is the hydration H. The membrane state is described by the fixed charge,
hydration and ionic concentrations at each point, which in general will be functions
of time.

We have constructed a theory, described originally in a doctoral thesis(3), which
models in a self-consistent manner the coupling between an electric field applied
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Figure 1. Case study of electromechanochemical transduction. A membrane with fixed
charge density %, separates two baths with differing salt concentration cy.c:
and differing acid concentration cyc;. The membrane ionic profiles Z,+, 2, +
and Z,,-, the fixed charge density &, and hydration H are functions of time

and space.




across the membrane configuration of Figure 1 and the intra-membrane .c¢nic, fixed
charge and concentration profiles, given the electromechanical and electrochemical
properties of the membrane, and given the electrical mechanical and chemical bound-
ary conditions imposed.

This model could be viewed as a black box, shown in Figure 2, into which the
boundary conditions and membrane properties are input, and out of which we get
.the intramembrane ionic and hydration profiles, and quantities such as membrane
thickness transmembrane voltage drop, ionic fluxes, and net current density. The
black box can be included in a more comprehensive model of cellular response to an
applied electric field, which might include, e.g., models of specific metabolic processes.
Note that the type of electromechanical coupling could be modified to more accurately
reflect what is actually occurring in the cell membrane.

BASIC ELECTROMECHANICAL TRANSDUCTION
MECHANISMS

Changes in polyelectrolyte ionic environment have been shown to modify the elec-
tromechanochemical properties of the polyelectrolyte[4,5]. Two basic mechanisms of
electromechanochemical transduction are considered. In each mechanism, the elec-
trostatic repulsion force, or the free energy of a given configuration is mcdified by
changes in the local ionic environment. In the fixed charge mechanism, the local fixed
charge is modified by changes in local chemical environment, such as would happen
when the local pH changes around a carboxylic acid residue. In the Debye length
mechanism, the local excess salt concentration is changed, leading to changes in local
electrostatic shielding (local Debye length).

The charge mechanism is illustrated in Figure 3. A cross-linked polyelectrolyte
membrane is made up of many interconnected “strands” of linear polymer, with
charged site on the poiymer. In the absence of charge, a polymer strand will curl up,
due to entropic forces. As the charge is increased, the electrostatic interactions in-
creasingly favor an extended configuration. In the absence of mechanical constraints,
a homogeneous isotropic polyelectrolyte membrane as a whole will expand when the
fixed charge is increased. The charge may be changed due to chemical reaction, such
as the charging of carboxylic acid sites.

The Debye length mechanism is illustrated in Figure 4. Here the number of fixed
charges may remain the same, but the local ionic environment is changed. The electric
field due to each charge decays over a characteristic length termed the Debye length.
The shaded region in the figure schematically represents the Debye length. As the
local ionic concentrations decrease, the Debye length increases, resulting in increased
electrostatic interactions as the electric fields due to each charge increasingly overlap
each other. In the absence of mechanical constraints, this results in a more swollen
membrane.




MODEL: COUFLED ELECTRICAL, MECHANICAL, CHEMICAL]

INTERACTIONS IN IONIZABLE HYDROGELS
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Figure 2. Black box representation of coupled electromechanochemical model of mem-
brane transduction.
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Figure 3. Charge mechanism of electromechanochemical transduction.




Basic electrodiffusion mechanisms are illustrated in Figure 5. A positively
charged membrane separates two baths. The salt concentration is higher on the
right than on the left. In the absence of an applied field, the co-ion concentration
is approximately linear. The self-generated electric fleld due to unequal diffusivities
of cation and anion affects the majority carrier, the counter ion almost exclusively.
In the graph, normalized co-ion concentration is plotted vs. normalized position in
the membrane. In the presence of an applied field, the steady state concentration
profile bows, here in the direction of the applied field. As a stronger fleld is applied
from left to right, the concentration in the bulk of the membrane is depleted. As the
field is applied from right to left, the concentration in the bulk of the membrane is
enhanced.

An applied field can thus change the intramembrane concentration profiles of
hydrogen and salt ions, and in that fashion change the local swelling, through the
charge effect and the Debye length effect. The phenomenon is shown in more detail in
Figure 6. The four graphs show concentration and hydration profiles within a charge-
able, swellable membrane separating two baths at different pH. The fixed charges are
carboxylic acid groups with an estimated pK of 5.5. The bath at the left is at pH 3.5
and the bath at the right is at pH 6. The intramembrane pH at the boundary is not
the same due to Donnan partitioning. At the upper right, we see the hydrogen ion
profile at zero current is approximately linear. The membrane fixed charge profile,
at the lower left, is fairly constant throughout the bulk of the membrane, with a
sharp increase in fixed charge at the right-hand boundary, as the pH increases. The
hydration too is fairly constant in the bulk, and increases rapidly at the right-hand
side as the fixed charge increases rapidly. As a field is applied from right to left, the
hydrogen ion profiles bow in that direction, resulting in significantly decreased hy-
drogen ion concentration in the bulk of the membrane. The decreased concentration,
in turn,leads to an increase in the magnitude of membrane fixed charge, shown in
the lower left. This increased magnitude, in turn, leads to an increase in hydration
throughout the bulk of the membrane, shown in the lower right. The counter-ion
concentration too increases in the bulk of the membrane as the magnitude of the
fixed charge increases, as shown in the upper right. All of these profiles are based on
the model presented in the next section.

DETAILS OF THE MODEL

The model attempts to account for the coupling between diffusion, migration and
convection of ions, fluid transport and electromechanical and electrochemical coupling
to the membrane in a self-consistent manner, including the effects of an applied
electric field. It includes equations for all of these phenomena, and can be solved for
the steady state profiles and for the transient response to an applied electric field.

Figure 7 shows the general form of the electrochemical equations. Ionic fluxes
have a diffusive component, a migratory component and a convective component.

5
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Figure 4. Debye length mechanism of electromechanochemical transductioa.
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Figure 5. Basic electrodiffusion phenomenon. A positively charged membrane sepa-
rates two salt baths of differing concentrations. The steady-state normalized
co-ion concentration profile is plotted against normalized position within the
membrane. At no applied field, the co-ion profile is approximately linear. As
a stronger field is applied from ieft to right, the profile within the membrane
is depleted. As a stronger field is applied from right to left, the profile within
the membrane is enhanced.
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Figure 6. Basic electrodiffusion transduction phenomenon. A membrane with car-
boxylic acid sites separates two baths of differing pH. The left-hand bath
is at pH 3.5 and the right-hand bath is at pH 6. The steady state concen-
trations of hydrogen ion, sodium (counter) ion, membrane fixed charge and
hydration are plotted against normalized position within the membrane. At
no applied field, the hydrogen ion profile is approximately linear. As a field
is applied from right to left, the hydrogen ion concentration within the mem-
brane is depleted, leading to increased fixed charge and increased membrane
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Each component is modelled using simple linear laws. The effective diffusivity and
mobility have porosity and tortuosity factors(8| in the implementation of the model.
Continuity equations are written for each solute in the frame of the solid, the ¢
frame. The standard time derivative is on the left, plus an additional bound solute
term to account for the reaction of, e.g., hydrogen ions with carboxylic acid sites.
Electroneutrality is assumed on the length scales of interest. Note that the fixed
charge is written in units of %’5 and thus is divided by the hydration H to yield
%ﬂ. A membrane charging isotherm is written using a Langmuir isotherm, and
this isotherm is also used for calculating the bound hydrogen ion. Finally Donnan
partitioning is used to relate the interior concentrations just inside the membrane to

the bath concentrations.

Figure 8 shows the general form of the electromechanical equations. Darcy’s law
is used to model fluid flow due to gradients in fluid pressure. Friedman showed that
the use of this simple form of Darcy’s law rather than a more detailed balance of
momentum transfer is in general justified(6,7]. Fluid pressure can include hydrostatic
pressure and also an “osmotic pressure” term, scaled by a reflection coefficient. The
Darcy permeability coefficient, k, will in general be a function of local hydration.

Both the membrane solid component and the fluid are modelled as incompress-
ible, so a volume continuity equation is straightforward. Since the local membrane
hydration can change significantly, the equations are written in the frame of the solid,
the ¥ frame. A constitutive law relating the membrane swelling pressure p to the
local ionic concentrations and locai hydration is also needed. Here it is written in
general form, and includes a purely mechanical term (f1) and an electrostatic term
(f2). More details about the actual constitutive law used are described next. Fi-
nally, inertial terms are neglected and conservation of momentum is written for the
membrane, letting us relate gradients in fluid pressure and the membrane swelling
pressure,

Figure 9 gives more details on the electromechanical constitutive law used to
model the membrane. The attractive force is calculated using a linear Hooke’s law
with a constant modulus. The electrostatic repulsion forces are estimated using a
linearized flat plate double layer repulsion model. The net swelling pressure is the
total of the purely mechanical pressure and the electrostatic repulsion pressure. The

following equation gives the form of the electromechanical constitutive law actually
used:

l
p=M [Ho — Hye' lezp (Hl—)]
D

where M’ is a normalized modulus, Hy, H;,!. are material constants, ¢,, is the
membrane charge density normalized to the solid content, and /p is the local Debye

length.




ELECTROMECHANICS OF CHARGED MEMBRANES
Electrochemical Equations

dc. z,
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3 q—T olute Flux
1 1aXx zi 1 1
. ar . .
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Figure 7. The general electrochemical equations for the membrane model. Solute flux
includes terms for diffusive, migratory and convective flow. Solute continu-
ity is written in the frame of the solid and includes a bound solute term.
Electroneutrality over length scales of interest is written using fixed charge
normalized to solid content. A Langmuir isotherm is used to model the
dependence of membrane charge on local pH. Donnan partitioning relates
the boundary conditions just inside the membrane with the external bath
conditions.

ELECTROMECHANICS OF CHABGED MEMBRANES
|Electromecnenical Equations

U e k-g—;(P-Arr) Darcy's Law (Fluid Flow)
%%--g% Fluid Mass Continuity

Cr ) - f G oy (H) Membrane Swelling
Pt atfr Gyl Constitutive Law

] . (P - .
3P+ (Pram)] = 0 Conservation of Momentum

Figure 8. The general electromechanical equations for the membrane model. They
include a fluid fow constitutive law, an equation of fuid mass continuity
written in the frame of the solid, a membrane swelling constitutive law and
conservation of momentum, ignoring inertial terms and the transport of
momentum by the fuid.
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CASE STUDY

It is instructive to examine a case study of the effects of an applied electric field on
membrane properties. Figure 10 shows a membrane separating two baths at pH 6,
with salt concentrations of 0.01 M on the left and 1.0 M on the right. The membrane
parameters used in the model are listed in the center, and the calculated bound-
ary conditions just inside the membrane are listed on either side of the membrane.
This problem was solved numerically to determine the concentrations and hydrations
profiles in steady state, both in the absence of an applied electric field and in the
presence of an applied field.

Figure 11 shows some of the highlights of the steady state results. In the absence
of an applied current, the hydrogen and chloride ion concentrations are fairly linear,
except just at the boundaries. The hydration at the left boundary is high, because
of the low salt concentration and consequent large Debye length. As the chloride
ion concentration increases, the Debye length rapidly decreases, resulting in a large
decrease in hydration moving into the membrane from the left boundary. As a field is
applied from left to right, both the hydrogen and chloride ion concentrations within
the membrane are enhanced. This response leads to decreased fixed charge and
decreased Debye length. Thus, the charge effect and the Debye length effects combine
to decrease the membrane hydration. When the field is reversed, the hydrogen and
chloride ion concentrations within the membrane are depleted, leading to increased
fixed charge and increased Debye length, and hence significantly increased hydration.

A more experimentally oriented view is given in Figure 12. Membrane thickness
vs. normalized applied current is graphed, showing two saturation regions and a
transition region around zero current. The scale is expanded on the right, showing
the nonlinear response even around zero current. Similarly, the voltage vs. current
relations show two saturation regions and a transition region. The expanded graph
on the right shows the non-linear nature of the relationship even around zero.

We can also examine the dynamics of the membrane response using this model.
Figure 13 shows the dynamic response of the average membrane hydration, chloride
ion content, hydrogen ion content, and fixed charge density (normalized to membrane
solid content) in time to changes in applied current. The membrane configuration is
the same as in previous examples. At t=1000 hydrogen ion time constant factors, the
current is turned on from right to left, reversed at 3 x 107, and turned off at 6 x 107,
Time is normalized to the hydrogen ion diffusion time factor. There are two modes
of response. The Debye length mode reaches steady state very quickly, as illustrated
by the sharp edges in the chloride ion graph. The charge mode takes much longer,
due to the long diffusion/reaction time, as seen from the rounded edges in the fixed
charge vs. time graph.

The total membrane thickness can be measured experimentally; thus, the pre-
dictions of the model can be compared to experimental results. There was fairly

11
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Figure 10. Case study of a membrane separating two baths of differing salt concentra-
tion. On the left the salt concentration is 0.01M, and on the right the salt
concentration is 1.0M. The bath pH is 6 on either side. The membrane has
a charge site density of 10 moles per liter dry membrane, and the average
pK is 5.5. The electromechanical constitutive law parameters are Hy=2,
H1=6 and /,=4 angstroms. This corresponds roughly to certain synthetic
polyelectrolyte hydrogel membranes. The calculated boundary conditions
just inside the membrane are calculated using Donnan equilibrium relations,
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electroneutrality, and the electromechanical constitutive law.
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good correlation of theory and experiment, as shown in Figure 14 from reference 3.
The direction of change and the extent of rectification phenomenon are predicted
well by the theory. In these dynamic simulations, only the electrochemical dynamics
(and not the mechanical dynamics) are included; the approximation of mechanical
quasi-equilibrivm was made. It is quite clear from these graphs that the mechanical
dynamics are important in accurately modelling the membrane response under the
experimental conditions. They constitute another rate-limiting process which can
affect the transient response to step inputs (frequency response to sinusoidal inputs).

APPLICATION OF THEORY TO BIOLOGICAL CASES

The basic general theory described in the previous section can be applied with some
modifications to certain aspects of biological response to applied electric fields. We
will examine some of the possible sites of the effects of electric fields on living tissues
and the possible transduction mechanisms.

Figure 15 [2] shows a schematic of a cell membrane. The resistance of the phos-
pholipid bilayer region to ionic flow is very high, so we expect almost all of the ionic
transport across the cell membrane to occur in special protein channels which are ad-
ditional structures incorporated in the basic bilayer structure of the cell membrane.
In this picture, a cell channel consisting of a tetrameric ionophore is illustrated, which
can let ions pass through in the interior hydrophillic region of the protein. Changes
in the ionic flow rates and/or changes in the ionic composition of the cell cytoplasm
could result in changes of metabolic/enzymatic rates, or even which products are
produced. Other feedback and coupling could amplify these effects.

Figure 16 shows a number of different models of cell membrane ion channels. In
all of these models, the cell channel might be viewed as part of a membrane whose
porosity, tortuosity, fixed charge density, and reflection coefficient is space varying.
One could apply the model that has been developed to the problem of a sinusoidal
field applied across a cell membrane. The details of the electromechanical coupling
would have to be tailored to the actual cell channel type, as more information becomes
available. A possible mode of coupling could be a conformational change of the cell
channel protein, which depends on the ionic environment near one or more charge
sites. Perhaps the percentage of open channels will be related to the average ionic
concentration at some distance within the cell channel, which could be modulated
by an applied electric field through electrodiffusion.

In general, electric fields modulation of cell channel permeability and configura-
tion can affect any cell, including nerve cells. Nerve cell interconnections, shown in
Figure 17, can also be affected by an applied electric field through electrodiffusion
effects. Nerve impulse generation rates and their sensitivity to other environmental
factors could be affected by electrodiffusion induced permeability changes. In addi-
tion, the actual propagation rate and distance may be affected by changes in the

16
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permeability of the axolemma and changes in the ionic composition of the axoplasm
and the extracellular fluid. In myelinated neurons, the effects would be concentrated
in the nodes of Ranvier.

Epithelial membrane is another possible site of electric field modulation of mem-
brane permeability. Epithelial membranes, an example of which is shown in Figure 18,
consist of many interconnected cells on top of a basement membrane. A simplified
schematic of epithelial membranes is shown in Figure 19. The path through epithelial
membranes consists of transcellular paths in parallel and in series with intracellular
paths. Electric field mediated electrodiffusion could affect the permeability of the
cell membranes, as previously discussed, as well as the permeability of the apical
membrane, the junctions, and the paracellular space.

Figure 20 shows a sample pathway for sodium ions through tight epithelia.
Sodium is actively transported into the cell through the apical membrane, and ac-
tively transported out through the active sodium-potassium pump. Sodium also
diffuses passively through the basolateral membrane. Electric field modulation of
any of the transport rates could affect net transport rates. Over time ionic concen-
trations on either side of the membrane could deviate significantly from their normal
concentrations, possibly leading to significant changes in other transport rates and/or
metabolic rates and products.

SUMMARY

We have shown that electric fields can modulate intramembrane ionic concentrations,
transmembrane ionic fluxes, the mechanical conformation of the membrane, and the
transmembrane potential. Even symmetrically applied fields of opposite polarities
can result in asymmetric mechanical, concentration and flux responses, hence recti-
fication of electrochemical and electromechanical phenomena can produce long-term
effects even though the induced change is small. We have developed a general elec-
tromechanochemical model which predicts rectification phenomena that includes the
mechanical and electromechanical conformational change dynamics.

To put in perspective the frequency response associated with the electrodiffusion
mechanism, we first focus on the electrodiffusion curves of Figure 5. In the absence
of an applied field, the concentration profile shown in the figure is linear. A step field
in the x direction having a small magnitude of approximately 25 mV/(membrane
thickness §) will shift the concentration profile to curve d. For small enough applied
field, the time dependence of this linearized shift is described by a series solution
characterized by the leading exponential relaxation time r,4 approximately equal
to 62/(x2D). (This is essentially the diffusion time for a solute of diffusivity D.)
Larger applied fields will produce a nonlinear response whose time dependence is
more complicated, but can be computed via our model. A description of frequency
response can be made most easily in terms of the linearized model, since the frequency
is related to the inverse of the electrodiffusion time constant.
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Figure 18. Illustration of epithelial membrane/(2].
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Figure 19. Schematic of epithelial membrane and the available transport paths(2].
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Given the form of r.4, electrodiffusion-induced changes in intramembrane con-
centrations will be slower with increasing thickness and with decreasing diffusivity.
Thus, thinner membranes will exhibit electrodiffusion phenomena at higher frequen-
cies by the square of the thickness. In Figure 14, for example, the simulation was
computed on the basis of a 1 mm thick “membrane” (i.e., a very thick section of
extraceilular matrix). Electrodiffusion-induced changes at the 15 per cent ievel took
approximately 5 min, corresponding to an upper cutoff frequency of a few mHz.
However, when the same simulation is scaled to a thickness of 1 um or 10 nm (cell
membrane thickness), the cutoff frequency would be 1 kHz and 10 MHz, respectively.
Similarly, for thicknesses on the order of a cell membrane, each horizontal time divi-
sion in Figure 13 would scale to 1 ms while a 1 uzm thickness would correspond to

10 s per division.

Thus, when electrodiffusion is considered under linearized operation, frequencies
up to 10-100 MHz may be of interest. As discussed in previous progress reports,
however, nonlinear operation is very common and to be expected for asymmetric
systems such as that of Figure 10 (the case of a salt concentration gradient across the
membrane). Under such conditions, the very small changes that would be produced
at even higher frequencies might accumulate due to membrane rectification.
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